Abstract. Selection of a waste management strategy for a region is a difficult decision that must take into account various frequently contradictory targets and tasks. This article presents the use of a multi-criteria analysis for estimating and selecting the most profitable selection of a regional-metropolitan waste management system. The final solution should take ecological, economic and social aspects into consideration. It was established that the solutions chosen needed to ensure the following: waste stream reduction, social acceptance, and a profitable economic efficiency index.
Introduction
Waste production is one of the basic elements of human activity. Safe waste management is our particular responsibility towards the natural environment. According to the sustainable development principle, proper waste disposal should provide a technically correct and economically justified solution that least affects the environment and is socially acceptable. Such a solution however, must meet many frequently divergent objectives and is usually a compromise. This article presents a method for finding this solution [1] [2] [3] .
The article presents an analysis prepared for the purpose of gaining European Funds, which can be treated as an example for this type of goals. In addition, the proposed scenario for implementation had been accepted, implemented and is still in use today.
Literature review
The use of multi-criteria analysis methods in waste management usually comes down to the choice of the optimal solution in the waste management system specifically designated region and comparisons between each other waste management technologies. The most commonly used method for solving decision-making method is analytical hierarchy (AHP) and linear programming method [4] [5] [6] . Overview of methods used in the analysis of waste management has Morrissey [7] in which divided the methods of assessment to methods based on economic indicators, the method of life cycle analysis (LCA) and the analysis of decision-making , and among them the most commonly used ELECTRE [8] PROMETHEE [9] AHP [5, 10] . Morrissey [7] shared a positive feature of all multi-criteria analysis approach is the fact that having many individual often conflicting objectives indicates the optimal decisions, allowing for a compromise solution, which can't be said about the analysis of single objective [10] [11] [12] [13] [14] [15] .
Multi-criteria analysis for selecting a waste management system
Selection of the most favourable solution in a multi-criteria analysis requires the establishment of function that integrates individual characteristics into one overall evaluation. The evaluation parameters subject to integration must be expressed in comparable values and units (standardised) and must be integrated by assigning weights to each individual grade of their respective ranks [1, 5, 10, [15] [16] [17] [18] . Evaluating and comparing strategies and selecting the best strategy for a waste management system are possible only through the numeric determination of criteria, that measure the entire system's operation. These criteria are the consequences of the effectiveness of particular waste management strategies and the degree to which established targets are met, which are formulated in general terms. The criteria are chosen in compliance with the sustainable development principle, i.e., within the environmental, economic and social framework [3, 7, 9, 19] .
Identification of the decision making criteria
The steps in selecting the most favourable waste management system are as follows: defining the problem; determining the variants of waste management system operations in the region, on the basis of its detailed characteristics and data; describing and adopting calculation methods for particular evaluation criteria; evaluating the functioning of particular variants of the waste management system through measurable evaluation criteria; selecting the most favourable solution from the multi-criteria analysis results based on the accepted evaluation criteria [17, 18] .
This analysis was conducted for the purpose of acquiring European Union funds for the construction of a waste incineration plant. A summary of this analysis was included in the document prepared by the Bureau for Environmental Engineering and Technology Development in Cracow in 2008 [20, 21] .
Description of the object of research: the Bydgoszcz-Toruń metropolitan area before modernization -initial state
The area is located in North-Western Poland is a region with extremely dense industry, which is heavily urbanized. It is in the central part of the Kujawsko-Pomorskie region comprising Bydgoszcz and Toruń, its two capital cities. In addition to these two major cities, the Bydgoszcz Toruń Metropolitan Area (BTOM) also encompasses the other communities in the Bydgoski and Toruński districts. In total, it comprises 16 communities, inhabited by approximately 187 500 people (at that time when the analysis was carried out). It was assumed that long-term plans of region's waste management will include all of the districts of communities [2, 6, [21] [22] [23] . At the time, waste management was conducted using two separate systems in Bydgoszcz and Toruń.
The Waste Utilisation Complex, covered an area of 50 ha, was surrounded by forests and was used as the central element in waste management system in Bydgoszcz. The complex, which was launched in 2003, constituted a combination for recovery and stabilization, including a controlled waste disposal site (ballast waste), a mixed waste sorting plant with a yearly flow capacity of 60 kt, an anaerobic digestion plant (Bioner) for processing organic waste, a power generator complex supplied by biogas acquired from the anaerobic digestion plant and waste yard, a hazardous waste landfill with a capacity of 3 500 m 3 and an animal burial site. In addition, there were two plants for sorting separately collected recyclables and one plant for sorting mixed waste.
The communal waste management system in Toruń was consisted of the operations of the municipal waste landfill. The total capacity of the waste landfill was 3 747 thousand cubic meters. Since 2003, apart from waste disposal, composting of green waste and activities related to construction of waste recovery was conducted. The waste sorting plant had the line designed exclusively for sorting selectively collected waste. Within the framework of the communal waste management project, the construction of the following installations were predicted: one sorting line with a yearly capacity of 27 kt, an organic waste composting plant with a yearly capacity of 6 kt and a green waste composting plant with a yearly capacity of 3 kt.
Determining the waste management system operating variants
As it was said before, the article present analysis which had been carried out before modernization of waste system in considered area. Because it could have been founded by the UE, to identify the most favourable waste management system for the Bydgoszcz-Toruń Metropolitan Area, four different scenarios of the system's modernization were analysed.
In scenario 1, the assumed municipal waste management plans for Bydgoszcz and Toruń were based on mechanical biological waste treatment. Waste management in the region was conducted on the basis of two independent systems in Bydgoszcz and Toruń. In Bydgoszcz, it existed in the form of a selective collection system in containers and bags. The waste sorting plan, in its form, could have recovered materials through a selective collection system and biodegradable waste fraction was treated in composting plant.
In Toruń, a selective waste collection system was used, which was based on the collection of dry raw material fraction. According to the approved plans, the plant complex was created comprised a non-hazardous and neutral waste yard and a sorting plant with two lines for waste from both selective collection and mixed waste. The mineral sub-sieve fraction and biodegradable waste fraction were separated in the sorting line. From the layer of recyclables materials, separately collected recyclables was partly retrieved. Post-sorting residue was disposed in landfill site, except for a part of the biodegradable waste fraction (up to 6 kt/year) that was transferred to the composting plant, composting of green waste and selectively collected biodegradable waste (in a pile-type composting plant), construction debris sorting and bulky waste disassembly were conducted in the newly created plants.
Scenario 2 included a Communal Waste Thermal Treatment Plant (known by its Polish abbreviation, ZTPOK). The ZTPOK mainly received waste after selection had been conducted in the existing (Bydgoszcz) and executed (Toruń) sorting lines. Sorting lines in Bydgoszcz operated at partial capacity. The fine-and biodegradable waste fractions were separated in the KUO lines in Bydgoszcz and in the sorting line in Toruń, respectively. In Bydgoszcz, the biodegradable waste fraction was deposited onto BIO-EN-ER heaps, and the sub-sieve fine fraction was used on these heaps as a covering material. In Toruń, a part of the biodegradable waste fraction separated on the sorting line was composted, and the fine fraction was deposited into the non-hazardous and inert waste yard. The average balance of waste destined for incineration plant, in the analysed period, was 180 thousand Mg/year. The remaining elements of the system operate in a fashion similar to that in scenario 1.
Scenario 3 also included a thermal treatment. The difference between scenario 3 and scenario 2 was the optimisation of the KUO (Bydgoszcz) sorting line flow capacity. The main purpose of this was to improve the fuel properties of waste through the separation of the biodegradable waste and sub-sieve fractions, which were larger than those presented in scenario 2. This scenario allowed the required flow capacity of ZTPOK to be reduced to approximately 150 thousand Mg/year. Scenario 4 assumed a lack of BIO-EN-ER heaps in Bydgoszcz and incineration of all residual waste, excluding the sub-sieve fraction, which was separated from the entire stream of waste from Bydgoszcz and in the sorting line in Toruń. Such a scenario required the ZTPOK flow capacity to be increased to approximately 200 thousand Mg/year.
Criteria for evaluating individual waste management scenarios
For the purpose of fully describing waste management system operation, criteria for characterising a complex system's functioning were adopted and put into three groups. For further information, see Table 1 . The value of criterion 1, was calculated as the amount of waste transferred to waste landfills as a result of the operation of different waste management scenarios in Bydgoszcz and Toruń, as a target for 2020. The value of criterion 2, was calculated as the amount of treated and used (not transferred for disposal) organic waste as a result of the operation of different waste management scenarios in Bydgoszcz and Toruń, as a target for 2020. The value of criterion 3, was calculated as the amount of recovered raw materials from the waste stream and high-quality compost suitable for sale.
In scenario 1, the value of criterion 3 was calculated as the total mass of recovered raw materials in sorting plants and in bulky waste dismantling facilities, and the mass of compost that can be used for agricultural purposes. In scenarios 2, 3, and 4, the value of criterion 3 was calculated as the total mass of recovered raw materials in sorting plants and in bulky waste dismantling facilities, and the mass of high-quality compost from composting of green waste and ferromagnetic recovered from slag produced in the waste thermal treatment plant. However, the recovery of slag for aggregate was not taken into account due to uncertainty about its use.
The value of criterion 4, was calculated as the amount of energy recovered by thermal treatment of waste or energy acquired from biogas incineration specified for the assumed conditions, or as the recovery and use of biogas from the waste landfill.
The impact of the system on the environment is a very important criterion due to the operation of the system, and at the same time very difficult to estimate. At the moment, arise when individual establishments recovery and disposal of waste can accurately determine their impact on the environment. It remains, however, a comprehensive assessment of the impact of the whole system and its impact, while reducing the impact of waste by reducing the flow or harmful character.
The value of criterion 5, was defined by taking into consideration such factors as impact on the atmosphere (including greenhouse gas emission, emission of pollutants accompanying the combustion processes, descending dust emission, and odour emission) and impact on surface and subsurface water (including biogenic and chemical pollutant emissions, acoustic impact, energy consumption, and ground surface use). In the case of the waste management scenarios analysed for the BTOM, determining impact parameters was quite difficult, mainly due to a multitude of installations functioning in the systems. Furthermore, those installations were present in every scenario, while differences in impact were related only to the method of installation usage. Therefore, the method adopted for evaluating the selected parameters relied on experts grading them on a 1-4 scale, where the upper limit represents the least favourable impact on a given environmental component. It was assumed that the sum of the points allocated for each defined parameter of impact was 10 (1+2+3+4). However, it was possible to obtain identical results for two or more scenarios. The sum of the points representing impact was treated as a summary impact of the individual scenarios on the natural environment.
Criterion 6, was evaluated according to the plans' entries by the expert method on a 0-1 scale. Criterion 7, was also evaluated by the expert method on a 0-1 scale. The value of criterion 8, was defined on the basis of the above-specified research results.
In Bydgoszcz major survey was conducted among residents of different districts by trained interviewers and included an attempt to 1,000 residents aged 18 to 71 years old. Due to incomplete questionnaires were used to analyse the material from the study 141 people. Among the participants were 64 women and 77 men. Respondents expressed their opinion to those listed in the poll ways of disposing of municipal waste on a 5 -point scale, where point 1 -marked the definite agreement, and points. 5 -marked overwhelming disapproval of the proposed method. Analysis of the severity of attitudes towards various ways of disposing of municipal waste indicated that the inhabitants of Bydgoszcz (the declarations) were the most likely to accept waste incineration process. Almost equally accommodating recycling; reluctant to expand and further use of municipal waste landfills. Most people support the process of thermal treatment of waste (nearly 67.2%). Almost as many (66.6%) in favour of the filing of the waste, and the least people (16.3%) welcomes the landfill.
The values of criterion 9 and criterion 10 were calculated by differentiating the outlays and operating costs of the waste management systems in Bydgoszcz and Toruń. Criterion 9 was calculated as the full average monthly financial burden per citizen in Bydgoszcz and neighbouring communities in 2020, while criterion 10 was calculated as the full average monthly financial burden per citizen in Toruń and neighbouring communities in 2020.
The value of criterion 11, was calculated as a weighted average of charges for the neutralisation of 1 Mg of waste for the metropolitan area in 2020.
Multi-criteria analysis and selection of the most favourable waste management solution
Evaluation and comparison of individual waste management system strategies and selection of the best strategy evaluated was possible through the numerical determination of indices measuring the entire system's operation [16, 18, 24] . These indices quantify the performance of individual strategies and the degree of fulfilment of assumed objectives, formulated in general terms.
For the purpose of evaluating the waste management system scenarios described in this article, the criteria listed in Table 1 were adopted.
The solution of the problem was formulated by establishing numerical values for the individual criteria, presenting them in the form of a finite set of numbers, which was the result of the evaluation of the individual waste treatment scenarios considered for the region. Those numbers, organised in a decision matrix, constituted a formal record of a multi-criteria discrete decision problem [18, 21, 23] . Table 1 . Criteria for the evaluation of waste management systems in the BTOM [20] .
Criteria Group Criterion
Name of criterion Criterion unit (size) To solve the problem, the compromise programming method was employed. This method applies the concept of arranging individual scenarios according to their distance from the established ideal point with X' (x1', x2',...,xM') coordinates, where all xM' coordinates are equal to a maximum value of the accepted standard scale. This method was also used in the analysis of the waste management system in Cracow [5, 18, 21] . The expression for the distance of the examined strategy from the ideal point is as follows:
The best strategy is selected according to the following principle:
( ) -distance measure of the studied strategy from the ideal point, ̅ -chosen strategy, -weight factor of criterion m, -m-coordinates of utopian point, -normalized value of the criterion, -number of criteria, -an exponent, measuring the deviation of the strategy from the utopian point.
The hierarchy of individual criteria is important in the calculation, because it determines the priorities of the participants in the decision-making process. For example (Table 3) , in the first case, a weight of 1 was assigned to each criterion. In the second case, all criteria associated with minimisation and recovery were given weights of 5, while the remaining criteria were given weights of 1. In the final case, the criteria associated with waste minimisation and recovery and social and political criteria were given weights of 5 and economic criteria were given weights of 1. Table 3 presents the results of the analysis [18, 21] .
The multi-criteria analysis method permits an additional weighting of criteria through the application of the α exponent in the formulas. This exponent permits an additional weighting of deviations from the ideal point, in proportion to their values. The larger the α value is, the more important the deviation from the ideal point is. Individual calculation cases, which take into account different values of the α coefficient, are included in Table 3 .
Calculations were subject to additional restrictions in the form of an acceptance threshold, which was calculated by adding 10% of the minimum distance from the ideal point. Acceptable scenarios in the table are marked with an asterisk (*) and are acceptable solutions of the scenario selection problem, in terms of nearness to the ideal point [18, 21] . Based on examination of the results of the multi-criteria analysis, a various observations can be made. The most frequently selected scenarios among 22 calculated cases were the S4 and S2 scenarios (selected 18 times), both of which assume thermal waste treatment as one of the elements of the system. S2 assumes a ZTPOK capacity of 180 thousand Mg/year, and S4 assumes 200 thousand Mg /year. In the remaining 4 calculated cases, the S1 scenario was selected, which assumed the continuation of the existing waste treatment system. It is selected when the economic criterion is adopted as the most significant. The S2 scenario, which assumed thermal waste treatment as a system element, with the incineration plants capacity of 150 thousand Mg annually, was not selected as the most favourable in any of the calculated cases. The recommended S4 and S2 scenarios in principle vary only in the handling of the organic fraction segregated at the KUO in Bydgoszcz. In the S2 scenario, this fraction was deposited on the BIO-EN-ER heap, while in the S4 scenario it is incinerated in the ZTPOK, with the simultaneous deterioration of waste fuel properties. This may require restricting the level of recovery of combustible raw materials (paper and plastics), which would be socially unacceptable. Moreover, this scenario fails to take advantage of the BIO-EN-ER heaps. Between the two, the preferred scenario was the S2 scenario, with the incineration plant operating at a capacity of 180 thousand Mg/year.
Summary and conclusions
The selection of a waste management strategy in a region is a difficult task, and must take into account various, frequently contradictory, objectives.
Multi-criteria analysis is a mathematical tool that may be used to support decisions on the selection of a waste management strategy. However, this requires the identification of a set of evaluation criteria that characterise the requirements for the system in environmental, economic and social terms.
On the basis of the characteristics of the Bydgoszcz-Toruń Metropolitan Area, the most favourable waste management strategy for that region was selected. From the results of the analysis, it was possible to ascertain that the S4 or S2 scenarios were most frequently selected as the most favourable for that region.
